There is great interest in hybrid organic-inorganic materials such as metal-organic frameworks (MOFs). The compounds [C(NH2)3]M(HCOO)3, where M=Cu 2+ or Cr 2+ are Jahn-Teller (JT) active ions, are MOF with perovskite topology which crystallizes in polar space group Pna21. In inorganic compounds, octahedral tilting and Jahn-Teller structural distortions are usually nonpolar distortions. However, in this MOF cooperative interactions between the antiferro-distortive distortions of the framework and the C(NH2)3 organic cation via hydrogen bonding breaks the inversion symmetry and induces a ferroelectric polarization. [Angew. Chem. Int. Ed. 50, 5847, 2011] Our ab-initio study supports the picture of an orbital-order-induced ferroelectricity, a rare example of dipolar ordering caused by electronic degrees of freedom. Moreover, the switching of polarization direction implies the reversal of the weak ferromagnetic component. The microscopic mechanism of the multiferroicity and magnetoelectric coupling in this JT-based MOF with ABX3 perovskite structure displays a Hybrid Improper Ferroelectric (HIF) state, arising from a trilinear coupling between different structural deformations that comprise tilting, rotations and Jahn-Teller distortions of both the BX3 framework and the organic cation at the A sites. Since these distortion modes in perovskite-inorganic compounds usually freeze-in at elevated temperatures, the trilinear coupling in MOF compounds may provide an interesting route towards high-temperature multiferroicity. These results therefore offer an important starting point for tailoring multiferroic properties in this emerging class of materials for various technological applications. In particular, the high tunability Metal-organic frameworks (MOFs) are hybrid crystalline compounds comprised of extended ordered networks formed from organic linkers and metal cations, often forming porous materials at the interface of molecular coordination chemistry and materials science. They show unique properties arising from organic-inorganic duality[1] which has already resulted in an unprecedented variety of physical properties in a single class of materials and applications, such as gas storage, exchange or separation, catalysis, drug delivery, optics, and magnetism.[2, 3] An additional feature is the possibility of creating ideally infinite new MOFs by varying inorganic/organic components, molecular topologies, organic linkers, etc.[5-11] All these degree of freedoms can be exploited for a rational design of new materials with enhanced functionalities.
Metal-organic frameworks (MOFs) are hybrid crystalline compounds comprised of extended ordered networks formed from organic linkers and metal cations, often forming porous materials at the interface of molecular coordination chemistry and materials science. They show unique properties arising from organic-inorganic duality [1] which has already resulted in an unprecedented variety of physical properties in a single class of materials and applications, such as gas storage, exchange or separation, catalysis, drug delivery, optics, and magnetism. [2, 3] An additional feature is the possibility of creating ideally infinite new MOFs by varying inorganic/organic components, molecular topologies, organic linkers, etc. [5] [6] [7] [8] [9] [10] [11] All these degree of freedoms can be exploited for a rational design of new materials with enhanced functionalities.
MOFs with ABX 3 perovskite structure or closely related superstructures of this chemical chameleon have attracted much attention since they show promising properties in areas that have traditionally been dominated by inorganic materials, for example magnetism and ferroelectricity. [12] [13] [14] [15] Combination of spontaneous magnetic and ferroelectric order in a single material, i.e. multiferroicity (MF), is of great technological and fundamental importance, in particular when both orders are coupled through a sizeable magneto-electric coupling (ME). Despite the large activity devoted to multiferroics, [16] most of the past and current studies have been focused on inorganic compounds, though mainly in the family of perovskite-like oxides. Among these, a strong ME coupling is expected in magnetically driven improper ferroelectrics, such as rare-earth manganites or delafossite oxides, where the magnetic ordering is responsible for spontaneous electric polarization. [17] Unfortunately, the symmetry-breaking is usually associated with frustrated magnetism displaying antiferromagnetic or spiral order, and both measured electric polarization and critical temperatures are usually too small for any device applications. [17] The large ferroelectric polarization of proper multiferroics such as BiFeO 3 , on the other hand, originates from a polar lattice instability that is generally not coupled to any magnetic instability leading to a net magnetization. [18] Very recently, a third class of magnetoelectric multiferroics has been suggested, where a lattice instability is responsible for both ferroelectricity and the appearance of a weak-ferromagnetic (WFM) ordering, thus allowing for a potentially large ME coupling. The key ingredient is a trilinear coupling between a (stable) polar mode and two nonpolar instabilities, usually octahedron tilting and rotations in layered or double perovskites, as recently found in some inorganic compounds, where layered cation ordering leads to the required symmetry breaking. [19, 20, [22] [23] [24] The mechanism has been called "hybrid improper ferroelectricity", alluding to the fact that polarization appears as a secondary order parameter from the trilinear coupling to non-polar unstable modes. [20] Remarkably, the experimental evidence of the proposed mechanism in a class of inorganic compounds has been recently put forward. [21] Here, we theoretically predict that a Cr based MOF (hereafter called Cr-MOF) of ABX 3 perovskite topology
, not yet synthesized, [25] should be a new multiferroic and we predict a very large WFM component which is coupled to ferroelectricity. We will show that it belongs to the class of "hybrid improper" multiferroics. [20] Specifically, we found that the rotational mode associated to A-site molecules and the Jahn-Teller (JT) distortions of the Cr 2+ ions are unstable primary modes while the polar mode is soft but stable. The ferroelectricity arises only because the stable polar mode is coupled to the two nonpolar unstable modes, through a trilinear coupling. Microscopically, this coupling is expected to be mediated by hydrogen bondings connecting the guanidinium cations with the distorted metal framework, as discussed in Ref. [26] . Here, for the first time, the "hybrid improper" nature of ferroelectricity involving JT modes is found and discussed in a MOF with ABX 3 structure. Furthermore, we propose a microscopic model showing that the WFM originates from the peculiar magnetic anisotropy of JT ions in combination with the strongly distorted structure of the metal framework. [27] Our theoretical predictions point therefore to a central role of Jahn-Teller interaction in driving both FE and ME properties. Finally, we predict by means of Monte Carlo calculations a critical temperature T c ∼ 40 K for the WFM phase, one of the largest among the class of the ABX 3 MOF compounds. [28, 29] A new family of MOFs in perovskite ABX 3 topology has been synthesized, [25] 3 has been synthesized and studied over a wide range of temperature. [30] The top and side view of the Cr-MOF are shown respectively in Fig. 1 (a) and (b), while in Fig. 1 (c) g , twofold electron degeneracy). In both cases, they are JT active. For Cr +2 , as a result of strong Hund's rule coupling, spin of the e g electron is parallel to spins of the t 2g electrons on same site. The relaxed polar crystal structure P na2 1 turns out to be more stable than the centric P nna space group by about ∼ 0.08 eV/formula unit. The CrX 6 octahedra (X=HCOO) are strongly axially distorted, comprising medium Cr-X bonds ∼ 2.033Å along c axis, and alternating long 2.358Å and short 2.010Å in ab plane. Orientation of long Cr-X bonds in ab plane is a direct result of the cooperative Jahn-Teller distortions (CJTDs) resulting in antiferrodistortive pattern of long and short bonds in ab plane: long bonds form two ferrodistortive sublattices characterized by a parallel orientation, however the orientation is rotated by ∼ 90
• from one sublattice to another. Such an ordering of long bonds is compatible with an antiferrodistortive ordering of the 3d 3x 2 −r 2 and 3d 3y 2 −r 2 orbitals (OO) in same plane. The orbital pattern is the same when moving along the c axis. Each octahedron is tilted with respect to the c axis by ∼ 31
• . In Fig. 2 (a) we report the variation of total energy as a function of normalized amplitude λ of the structural distortion connecting the centric Pnna phase (λ=0) to polar one (λ=±1). The expected double-well profile is characteristic of a switchable ferroelectric system. [33] The electric polarization as a function of λ is shown in Fig. 2 (b) , displaying a value 0.22 µC/cm 2 in the most stable structure (λ=±1). In Fig. 2 (c), we show changes of the antiferrodistortive pattern from centrosymmetric to the polar phase by introducing the Jahn-Teller coordinate vector with components Q 2 and Q 3 , where [31, 32] here l and s refer to lengths of the long and short bonds, respectively, in ab planes and m to the lengths of CuO ap bonds and the JT phase is defined as φ=tan −1 Q 2 /Q 3 . Due to the JT effect, degeneracy of the e g orbitals is lifted and the occupied orbital is defined as |θ >= cos
One can monitor the antiferro-distortive pattern via changes in φ. For λ = 1 (positive polarization), φ is ∼ 4π/3 for the octahedra elongated along [1,1,0] and 2π/3 for octahedra elongated along [1, 1, 0] . For λ = −1 (negative polarization), the Jahn-Teller phase is swapped between the two octahedral sublattices, i.e. the direction of the elongated axes are interchanged [see Fig.2 (c) ], while the antiferro-distortive pattern disappears for λ = 0 (centrosymmetric) phase, i.e. φ = π, Q 2 = 0 and l = s. It is remarkable to note the correlated behavior of φ and that of the polarization, as a function of λ. This is confirmed by a fit testing procedure using P (λ) = A 0 atan(A 1 λ) in Fig.2 (b) , which shows a very good agreement between the data-points calculated by using modern theory of polarization and the data-points calculated with the proposed fitting function. Note that by definition, the JT φ phase has the same functional behaviour. The spin-polarized charge density of the e g electron is also shown in the inset of Fig. 2 (c) , showing that the ferroelectric order, the AFD JT distortions and the related orbital order are clearly correlated. It is important to note that in standard perovskite ABX 3 compounds antiferrodistortions are never associated to a polar behavior. [34] The magnetic structure of the Cr-MOF is strongly influenced by the antiferrodistortive JT distortions. The orbital ordering induced by the CJTDs effectively confines the magnetic interactions to linear chains along the c axis [35, 36] . In agreement with Goodenough-Kanamori rules, the super-exchange interaction J c along the c axis is antiferromagnetic and larger than the ferromagnetic exchange interaction J ab in the ab planes, due to the orthogonality of the JT magnetic orbitals; as a result, the ground state displays an A-type antiferromagnetic (AFM-A) configuration (see Table S1 in supplemental material). From total-energy calculations and assuming S = 2 spins for Cr ions, we estimate the exchange couplings as J c ≃ 0.823 meV and J ab ≃ −0.452 meV , confirming strong anisotropies of magnetic exchanges. According to our ab − initio calculations, the spins deviate from the collinear arrangement giving rise to a WFM component along the crystallographic c axis as large as ∼ 1 µ B . This ferromagnetic component is clearly correlated with the ferroelectric polarization, as shown in Fig. 2 (d), i. e. the Cr-MOF is expected to be a magnetoelectric compound.
Within the distortion mode connecting the Pnna structure to the Pna21 structure, there can be atomic displacements hybridized with true polar modes which do not contribute to the electric polarization, as it happens here with the JT distortion. In order to check this, it is useful to introduce a higher supergroup for describing possible distortion modes and separate their role in the polar behavior. In our case, the Pnna is pseudosymmetric with respect to a higher symmetry Imma space group. It is therefore possible to describe the polar structure with respect to this centric Imma structure. The global distortion relating the Imma and the Pna21 can be decomposed into three distinct atomic distortions: two zone-boundary modes at the X point, transforming as the irreducible representions X 1 −, X 4 +, and a polar zone-center mode transforming as Γ 4 −. They lower the symmetry to Pnna, Pnma and Ima2 respectively (isotropy subgroups). Therefore, the first two modes do not produce any polarization since the Pnna and Pnma are non-polar space group, while the only one producing the actual polarization is the Γ 4− mode. It is worth noting here that it is possible to reach the Ima2 polar group without the zone-center polar instability, i.e. only with a combined distortion X 1 −⊕X 4 +. [20] The relative size of symmetry-adapted mode amplitudes offers valuable clues to interpret the mechanism giving rise to the electric polarization. The amplitude of these modes Q is very different: 0.57, 2.87 and 0.16Å for X 1 −, X 4 + and Γ 4 − respectively. The fact that Q X1− and Q X4+ are much larger than Q Γ4− suggests that the two first distortion modes are the primary structural distortions with respect to the prototype phase, acting as order parameters, while the polar mode is a secondary induced distortion. To confirm this, we have calculated the variation of the total energy with respect to the Imma structure (taken as zero energy reference) as a function of the amplitude of each individual mode, Q X1− , Q X4+ , and Q Γ4− , as shown in Fig. 3 .
It is clear that Γ 4 − mode is stable and very soft, while the X 1 − and X 4 + are unstable. In the same figure, inset from the left, we also report the subgroup tree relation, which shows the chain of maximal subgroups connecting the Imma and Pna2 1 space groups. The latter appear as a common maximal subgroup of any pair of the space groups. It can be seen that the intersection of two mentioned isotropy subgroups is the observed Pna2 1 space group, as it is the largest common subgroup of the Pnna and Pnma space groups. This implies that the combination of these two non-polar modes is able to induce a polar phase (although they do not produce a polarization by themselves).
It is interesting to visualize the distortion modes, when viewed as atomic displacements with respect to the reference Imma structure. In the right part of Fig. 3 , we show only the X 1 − and X 4 + mode. The former shows significant displacements on the A-group molecule, and it represents a rotation around the c axis which is anticlockwise along the a axis, and alternating clockwise (counterclockwise) along c axis. The latter clearly represents the characteristic pattern of distortion of the Q 2 JT modes, which induces by hydrogen bondings [26] other distortions on the A-group molecule, in form of a clock-wise rotation around the c axis. The Γ 4 − polar mode is not shown for simplicity, but it acts significantly on the A-group atoms. [26] Further details about the mode visualization can be found in the Supplementary Information.
The presence of the polar distortion with a non-negligible significant amplitude can be explained as an induced effect through symmetry-allowed anharmonic trilinear coupling with the primary non-polar distortion modes described as Q X1− Q X4+ Q Γ4− . This simple coupling is sufficient to explain the presence of a non-zero amplitude Q Γ4− ∝Q X1− Q X4+ in order to minimize the energy, despite the mode itself being essentially stable. The combined X 4 + (JT distortion) ⊕ X 1 − (rotation of group A) is the "hybrid" distortion Q X41 and it is what drives the system into the polar state. This means that the polarization becomes non-zero only when both the guanidinium rotation and JT distortions condense. Examples of hybrid improper ferroelectrics have been recently found in inorganic material chemistry [20] . However, they show more complicated topology than simple ABX 3 type and involve rotational modes such as tilting and rotations of octahedra. Here, for the fist time, the hybrid improper ferroelectricity is found in a metal-organic framework in a simple ABX 3 , and it involves a Jahn-Teller mode and rotational mode acting on the A-site. It is important to highlight that the interaction between ferroelectric distortion and two rotational modes represent an important strategy for strong magnetoelectric coupling, possibly at room temperature, as recently shown for inorganic transition-metal oxides. [37] In MOF perovskite there is the additional advantages of the great tunability offered by the organic-inorganic duality, and the possibility of considering lead-free compounds, which is certainly an important aspect for environmental concerns.
We have shown in Fig. 2 (d) that there is a correlation between WFM component and the ferroelectric polarization, and therefore with the JT distortions. In fact, i) a rotation of the AFD pattern switches the WFM from +M (+P ) to −M (−P ); M = 0 in the centrosymmetric Pnna reference structure, where the JT-induced antiferrodistortive pattern is zero but the octahedra remain strongly tilted. This suggests that Dzyaloshinskii-Moriya interaction (DMI) D · S i × S j , [38, 39] usually related to octahedra tilting, may not be the source of WFM in this compound. In fact, due to the AFM-A magnetic ordering, only DMI between spins belonging to different ab planes is relevant; each octahedron is tilted from c axis by an angle α ∼ 31
• , around a axis: this implies that the Dzyaloshinskii vector D c is parallel to axis a, as shown in inset from the left of Fig. 2 (d) . By using symmetry analysis (see Supplementary  Information) it can be shown that only magnetoelectric trilinear coupling terms P c M c L a or P c M a L c are allowed in Cr-MOF, where P, M, L are ferroelectric, ferromagnetic and antiferromagnetic order parameters respectively; in both cases, the cross product S i × S j is parallel to axis b and perpendicular to D c , as shown in inset from the right of Fig.  2 (d) . Therefore D · S i × S j is zero, thus ruling out DMI as the source for the canted antiferromagnetism.
Our ab initio study suggests a relevant role of JT distortions in combination with spin-orbit coupling (SOC) interaction, for the origin of the canted antiferromagnetism. Indeed, both JT and SOC involve the angular moment of the electronic states [34] ; furthermore, SOC is usually responsible for magnetic single-ion anisotropy (MSIA), which has been devised by Moriya as an alternative origin for canted antiferromagnetism when neighboring magnetic sites display different anisotropy axes [27] . A second-order perturbation calculation (see Supplementary Information) shows that MSIA energy has the form
, where l i , s i are unit vectors along the long and short bonds in M-octahedron basal plane and m i a unit vector parallel to the M-O ap bond (see Fig.  ??c) , where E, D are the effective magnetic anisotropy constants. From this expression the interplay between SOC and JT interaction is readily seen, since the MSIA energy explicitly depends on the MO 6 octahedral JT distortions. Therefore the local MSIA contribution is affected by the antiferrodistortive pattern of JT distortions and by the tilted structure of the metal framework, both distortions modifying the direction of anisotropies axes on each octahedron (see Supplementary Information). Assuming classical spins, which is a reasonable approximation for Cr spins, and considering MSIA as a small perturbation on the AFM-A magnetic configuration induced by symmetric exchanges J c , J ab , the WFM can be described by a small angle ǫ representing the spin canting from the collinear spin axis, i.e. |M| = S sin ǫ. By minimizing the mean-field energy, the angle ǫ satisfies equation (see Supplementary Information):
where α is the tilting angle of octahedra and the sign ∓ is found for L a , L c realizations of the AFM-A ordering respectively. Eq. (1) shows that WFM appears only when tilting distortions (α = 0) and JT-induced MSIA, through constant E = 0, are simultaneously present. The WFM component points along c (a) direction for L a (L c ) respectively, and it is reversed when the antiferrodistortive pattern is rotated by 90
• with fixed tilting angle (αE → −αE), in agreement with ab-initio results.
Since D < J c , WFM is present irrespectively of the ratio E/D provided E is nonzero: this explains the MSIA as the origin of the WFM component. Note that the proposed mechanism is compatible with the trilinear coupling previously discussed, putting forward the Jahn-Teller interaction as the main responsible for the coupling between P and M and for the predicted ME effect. The classical mean-field approximation predicts that the L a , M c realization of the canted AFM-A state is energetically more stable than the L c , M a configuration, in agreement with DFT results, i.e. the WFM points along the c axis. The MSIA parameters have been estimated from DFT calculations as E ≃ 0.745 meV and D ≃ 0.113 meV ; with these values a set of Monte Carlo calculations has been performed, confirming the mean-field analysis and predicting a critical temperature for the onset of the canted AFM-A at T c ≃ 40K (see Fig. ??e) .
By using state-of-the-art-ab-initio calculations, we theoretically predict that the [C(NH 2 ) 3 ]Cr(HCOO) 3 MOF should be a new multiferroic with a magnetoelectric coupling. For the first time in the MOF class of compounds we show a peculiar origin of ferroelectricity, as due to a trilinear coupling of two primary unstable non-polar modes with a secondary stable and polar mode. Moreover, we highlight the important role of the Jahn-Teller antiferrodistortions in both the magnetoelectric and ferroelectric coupling. To support our interpretation we have carried out a symmetry mode analysis as well as we propose a microscopic model based on a perturbative approach. These results support the idea that MOFs show promising new routes for achieving multiferroic properties, an otherwise rare phenomenon in pure inorganic materials. Furthermore, a high tunability of the ferroelectric polarization by means of the modification of the organic A cation has been recently shown in Ref. [50] . Methods The calculations have been done by using the VASP package [40, 41] with the Perdew-Burke-Ernzerhof (PBE) GGA functional [42] . The energy cutoff was set to 400 eV and a 2×4×4 Monkhorst-Pack grid of k-points was used. The Berry phase approach [43] was employed to calculate the ferroelectric polarization P . Test calculations using the Heyd-Scuseria-Ernzerhof hybrid functional (HSE) [44] and with the Grimme corrections for weak-interactions [45] have been considered: the results are robust with respect to the different computational methods giving us confidence in the reliability of the underlying physical mechanisms. Monte Carlo calculations were performed via standard Metropolis algorithm on a 28 × 28 × 28 cubic lattice with periodic boundary conditions. Symmetry analysis has been performed using the Bilbao Crystallographic Server [46] , in particular using the symmetry software PSEUDOSYMMETRY [47] and AMPLIMODES [48, 49] In the inset, the group-subgroup tree is shown, having the Pna21 as common maximal subgroup. In the right part of the figure, projected view of the the distortion modes associated to non-polar instabilities. The length of the arrows is proportional to the atomic displacements with respect to the Imma reference structure. The curved arrows denote clockwise or counterclockwise rotations.
